In the work here we consider two secondary circuit modeling approaches, simple secondary and detailed secondary models. In simple secondary models all loads and all PV generators below a distribution transformer are modeled as an aggregate load and an aggregate PV generator. In the detailed secondary models all loads and PV systems below the distribution transformers are modeled individually and secondary conductors and service drops are also modeled. Using a cloud motion simulator it is observed that employing the simple secondary models can lead to inaccurate and conservative results. Moreover, the locations with the greatest voltage changes are different in the two modeling approaches. This paper highlights the importance of utilizing detailed secondary models over simple secondary models in analyzing PV generation.
INTRODUCTION
Traditionally the distribution system has been designed to operate with unidirectional power flow where power flows from a substation to loads. That scenario has started to change with the passage of Public Utility Regulatory Policies Act in 1978, after which Distributed Generation (DG) started appearing on the distribution system. With the improvement in economic viability, technical advancement, and the restructuring of wholesale and retail markets for electric power, there has been a drastic increase in the use of DG at the distribution level [1] . General Electric (GE) has estimated that globally distributed power annual capacity additions will grow from 142 GW in 2012 to 200 GW in 2020 [2] . As of September 2015, a total of 7.7 GW of DG based solar PV capacity has been installed in the U.S., and the capacity is expected to increase to 20 GW by 2020 [3] . It is estimated that among all of the solar PV installations in the US, residential solar PV will have the most significant capacity addition, from 15% in 2012 to 30% in 2020, as shown in Fig. 1 [4] . This indicates that the number of PV systems connected to secondaries of distribution transformers will be increasing. Due to movement of clouds over the LV distribution feeder there can be considerable loss of PV output within seconds, which can cause variations in customer voltages [5] - [11] . This voltage volatility can potentially create voltage problems since existing control devices have been implemented to manage voltage due to slow load changes. The authors in [12] and [13] studied the impacts on voltage quality due to cloud shadow movement over a feeder. In [14] the authors analyzed the impact of photovoltaic power generation capacities that were distributed over a large area. In [15] the authors investigated the voltage stability for residential customers due to high photovoltaic penetrations. In [16] the authors analyzed the voltage rise problem caused by distributed energy resources. The authors in [17] investigated the performance of fixed power factor and volt-var controllers while encountering fast irradiance fluctuations.
In previous studies the authors modeled secondary circuits with simple secondary models, using aggregated loads and generators. That is, the studies lack realistic models of loads and PV systems extending beyond distribution transformers. Combining all the loads and solar PV generation connected to a distribution transformer at one location can lead to significant errors. As a result, the locations and/or estimated costs for mitigating foreseeable issues may not be correct. Here we consider using detailed secondary models to achieve increased analysis accuracy, analyzing the impact of PV resources at each individual customer location.
The objective of this paper is to assess the importance of secondary circuit models by performing a comparison between a distribution feeder with simple secondary circuit models and the same feeder with detailed secondary circuit models under changing irradiance conditions, while considering spatial diversity. Voltage change and flicker values due to cloud shadows are simulated and compared.
The paper is organized as follows. Section II discusses the difference between simple and detailed secondary models. Section III introduces a case study and discusses the simulation results, which highlight the importance of detailed secondary models. Finally, Section IV summarizes the findings.
II. THE IDEA OF SIMPLE AND DETAILED SECONDARY MODELING
The distribution system is divided into primary and secondary distribution. As considered here the primary distribution comprises the high voltage delivery portion of the distribution system, and exists on the high voltage side of distribution transformers. The secondary distribution comprises the customer level or low voltage delivery portion of the distribution system, and exists on the low voltage side of distribution transformers. A single-line diagram of a typical distribution system is shown in Fig. 2 . [19] The difference between simple secondary and detailed secondary models will now be explained. Traditionally when we model the primary distribution we model each element as it exists. But traditionally when we model secondary distribution on the low voltage side of a distribution transformer, all customer loads, PV generators, and others are aggregated and represented as a single load and a single power source, which here will be a PV generator. Traditionally conductors in secondary distribution are not modeled. Here we will refer to such a model as a simple secondary model. Fig. 3 illustrates a simple secondary model. Monitor Points, which are measurement points associated with the Cloud Motion Simulator (CMS) used in this study. Another model of the secondary system is considered here, referred to as a detailed secondary model. In a detailed secondary model each customer load, each PV generator, and each secondary conductor is modeled as it exists. 
III. CASE STUDY AND SIMULATION RESULTS
A Cloud Motion Simulator (CMS), which is in charge of simulating voltage variations due to cloud shadow motion, is used for the simulations. As clouds cover the PV generators voltage variations occur, and locations with the highest voltage variations are compared between the simple and detailed secondary models. Differences in voltage changes between the simple and detailed secondary circuits are also compared, and parameterized by the number of customers associated with the secondary models.
The distribution feeder used for the simulation, which is an actual distribution feeder, has a voltage level of 20.78 kV and consists of 1489 loads and 248 PV generators. The feeder with the detailed secondary models is shown in Fig. 5 . In figures 5 and 6 the brown lines represent 3-phase lines, the green components represent PV generators, and the red components represents load buses.
There are different secondary system configurations of loads and PV systems for each distribution transformer, where the arrow in Fig. 5 points to a blowup of one of the detailed secondary models. The CMS simulates irradiance fluctuations due to cloud shadows and the consequent voltage changes [18] . The CMS uses a quasi-steady state power flow with a one second step size. At each second of the simulation the PV generator, which cloud shadows move over, are identified, and their outputs are adjusted. The simulation is performed by considering the (x,y) coordinates of the PV generators and the (x,y) coordinates of the simulated cloud shadows. At each second of the simulation the CMS detects the affected PV inverters and updates their output power accordingly. Table I presents definitions of the input parameters for the CMS and Fig. 7 illustrates the parameters as well as the cloud motion simulation. Points for a curve specifying percent rate of change of PV generation as a cloud shadow either covers or uncovers a PV generator Fig. 7 . Cloud motion simulator parameters [18] In the simulation considered here the cloud speed is set equal to 15 miles/hour and the direction of cloud movement is North-to-South. The number of clouds is set to 10 with an interval of 10 seconds between two subsequent clouds. The CMS is run on both the simple and detailed secondary circuit models, and the five locations with the highest voltage decrease rates (i.e., voltage change over one second) in both circuits are identified. Identified locations from the two simulations are compared in Fig.8 . From Fig. 8 it may be observed that locations with the highest voltage decrease rates vary significantly between the simple and detailed models. The magnitude of voltage decrease rates for the locations with the highest voltage changes in both circuits are shown in Table II . Table II shows that the voltage decrease rates from the simple secondary models are larger. When clouds move over the distribution feeder, the output of PV connected to the secondary of distribution transformers changes. In the detailed secondary circuit the geographical diversity of the PV systems is considered, and not all PV generators are affected at the same time as in the simple secondary circuit. This leads to significant differences in results to which we will refer as errors in what follows. Table III In what follows two scenarios are considered, maximum load and minimum load, and voltage errors associated with the number of loads attached to the secondary are investigated. In the scenarios the number of customers on the secondary varies from 2 to 24. Mean values of rate of voltage decrease and the locations with the maximum value of rate of voltage decrease, along with locations with the minimum value of rate of voltage decrease, are investigated. The PV penetration for each secondary is also considered, which will provide insight into the way the PV penetration impacts differences between the simple and detailed models. PV penetration values presented in tables V and VI are defined as the ratio of total PV generation to total load connected to a specific distribution transformer.
A. Scenario 1
In the first scenario we consider the maximum load on the feeder, 6641 kW. The cloud motion simulation results for locations with the maximum voltage decrease rates are shown in Table V . The absolue value of errors associated with the maximum, minimum, and mean voltage decrease rates versus number of customers on the secondary are illustrated in Fig. 9 . Note that the minimum errors considered occur at the locations in the detailed secondary model where the voltage changes were a minimum. 
B. Scenario 2
In this scenario the minimum load, 1144 kW, on the feeder is considered. Again we consider CMS results for locations with the maximum voltage decrease rate for the detailed secondary feeder model, the results of which are illustrated in Table VI . The absolute value of the errors associated with the maximum, minimum, and mean voltage decrease rates versus number of customers on the secondary are illustrated in Fig. 11 . Results from Table VI, Fig. 1,1 and Fig. 12 resemble the results from Table V, Fig. 9 and Fig. 10 . In both scenarios, results indicate that the errors between detailed and simple secondary circuits are in the range of -340% to 100%. It was observed that in the secondary circuits with zero percent PV penetration, the error between the two models was approximately 100%. Clearly, load and PV distribution/penetration and the impedance of the detailed secondary conductors affect the error. 
IV. CONCLUSIONS
Traditionally aggregated load and generation models have been employed when simulating the secondary side of distribution transformers. With detailed secondary models each load and solar PV generator on the secondary is modeled individually, where exact geographical locations can be taken into account by a cloud motion simulator. Analysis results between a feeder model using simple secondary circuit models (i.e., aggregated load and generation) and the same feeder model except using detailed secondary circuit models, have been compared. A summary of the observations based on the simulations results are:
• The use of simple secondary models resulted in over estimating voltage rate changes, with errors in the simulations considered here ranging from -340% to 100%.
• As the number of customers connected to a distribution transformer increased there is a general trend that voltage errors between simple secondary models and corresponding detailed secondary models increased. For secondary circuits where PV penetration is zero, percentage voltage errors between the two models are approximately 100%.
• Voltage flicker calculations are higher with simple secondary models than their corresponding detailed secondary models. Thus, the use of simple models could unnecessarily limit the PV penetration on a feeder due to voltage flicker concerns.
